Preterm birth is one of the leading indicators of the health of a nation, as it is associated with high mortality, serious morbidity, and very high costs. 1 It is critical to appreciate that most of this cost is related to cerebral palsy (CP) and long-term neurodevelopmental disability. The precise etiology of preterm brain injury is not fully understood. However, as discussed below, there is now considerable evidence that hypoxia-ischemia, exposure to perinatal infection/inflammation, and other perinatal events contribute to injury. 2, 3 In this review, we summarize preclinical and clinical evidence that hypoxia-ischemia and perinatal infection/inflammation both trigger secondary or chronic inflammation and gliosis. In turn, we hypothesize that these common pathological features play a key role in the final common pathway that leads to dysmaturational brain injury, defined by failure of oligodendrocyte and neuronal maturation, resulting in impaired neural connectivity and long-term neurodevelopmental impairment. 4, 5 This convergence to a final common pathway means that focusing on associations between inflammatory markers and outcome does not accurately predict the underlying etiology of disability. Nevertheless, these findings raise the possibility that secondary or chronic inflammation may be a viable therapeutic target for delayed interventions to improve neurodevelopmental outcomes after preterm birth.
TIMING OF INJURY
In approximately two-thirds of cases, acute cerebral injury occurs at the time of birth or within the first 72 hours of birth. 6 By contrast, approximately 15 per cent of perinatal brain injury occurs after the early neonatal period. 6 Supporting these data, acute electroencephalographic abnormalities after preterm birth are reported in the early perinatal period (within 72h after birth) in studies in tertiary level centres, and are highly predictive of long-term neurodevelopmental outcome. [7] [8] [9] [10] One point of caution is that these data do not necessarily mean that early onset injury was caused by insults during preterm birth itself, as in a substantial number of cases injury appears to be initiated before the onset of labor. 6, 11 
EVIDENCE FOR MODERATE-TO-SEVERE HYPOXIC-ISCHEMIC ENCEPHALOPATHY IN INFANTS BORN PRETERM
Acute, profound asphyxia at birth (defined by a base deficit >12mmol/L), with early onset hypoxic-ischemic encephalopathy (HIE) occurs much more frequently in infants born preterm than at term, and is highly associated with adverse outcomes. 12, 13 Manuck et al. found that in a cohort of 115 502 deliveries in the USA from 2008 to 2011, 37.3 out of 1000 infants born before 37 weeks' gestation had moderate-to-severe HIE, 13 as previously categorized by the authors, 14 based on the modified clinical Sarnat criteria outlined by Shankaran et al. 15 The burden was inversely proportional to gestational age, with a disproportionate number of cases in infants born before 30 weeks' gestation. Strikingly, infants born before 28 weeks' gestation had an overall rate of HIE of 120 per 1000 live births. Previous smaller studies also suggest that infants born late preterm have higher risk than at term with reported rates of HIE of 1.4 to 9 out of 1000. [16] [17] [18] Broadly consistent with these reports, in the Canadian CP Registry, 16 per cent of children with CP who were born at 32 to 35 weeks' gestation had a history suggestive of acute birth asphyxia; 19 rates in infants born extremely preterm were not reported. These data suggest that although HIE occurs in a minority of preterm births, 12 when it is present, it is a substantial contributor to severe disability.
Approximately 50 to 60 per cent of infants born extremely preterm will develop cognitive and behavioral impairments. 20, 21 Although it is important, acute moderate-tosevere HIE is not the whole story. In part, there is some evidence for a role of milder insults, as shown by the strong association between adverse neonatal and long-term outcomes of preterm birth and evidence of mild perinatal HIE, as shown by metabolic acidosis, active labor, abnormal heart rate traces in labor, and subsequent low Apgar scores. 11, 22, 23 
EVIDENCE FOR MILD HIE
It is important to appreciate that mild insults can trigger progressive evolution of brain injury. In infants born preterm, mild hypoxia-ischemia, defined by modified Sarnat criteria, was associated with a normal neurological exam at discharge despite white matter abnormalities being evident on magnetic resonance imaging (MRI). 18 Although the preterm fetus is able to tolerate more prolonged periods of hypoxia-ischemia than later in life, it is important to appreciate that this is a critical phase of brain development, when even mild injury can alter the trajectory of development and cause disproportionately adverse effects that may not be detected immediately. 24 Over half of infants born preterm who go on to develop CP do not show white matter lesions during the first few days to weeks after birth, but have marked white matter loss on longer-term MRI and evidence of delayed myelination. 25 This is consistent with an experimental study in the postnatal day seven rat (broadly equivalent to the infant born preterm of around 32 weeks' gestation), in which no significant brain injury was seen during the initial 2 weeks of recovery from moderate hypoxia-ischemia, followed by the development of delayed infarction by 8 weeks, 26 in contrast with rapid, non-progressive infarction after a severe insult.
Furthermore, the Extremely Low Gestational Age Newborns study reported that the combination of severe intrauterine growth restriction plus placental vascular thrombosis, (consistent with long-standing, mild-to-moderate prenatal hypoxia) were associated with impaired neurodevelopmental outcome at 2 years of age. 27 Collectively these data strongly suggest that even mild-to-moderate prenatal hypoxia can contribute to adverse outcomes after preterm birth. Speculatively, a mild-to-moderate ischemic insult to the perinatal brain may establish a vulnerable region in which cell death develops over time, possibly caused by enhanced physiological apoptosis (programmed cell death).
THE RELATIONSHIP BETWEEN POSTNATAL HYPOTENSION/HYPOPERFUSION AND HIE
There is evidence that postnatal events are important. Pathologically low upper body (superior vena cava) blood flow was found in one-third of infants born before 30 weeks' gestation. 28 In 80 per cent of cases, superior vena cava flow was lowest at 5 to 12 hours of age, and progressively resolved with time; less than 5 per cent of infants had low flows by 48 hours. 28, 29 These indirect estimates of cerebral perfusion are supported by evidence of cerebral hypoperfusion on near-infrared spectroscopy 30 and the finding that superior vena cava hypoperfusion is strongly and independently associated with mortality and adverse neurodevelopmental outcome. 31 The mechanisms of this early hypoperfusion in infants born preterm are widely debated. It has been suggested to be potentiated by immaturity of the cerebrovascular autoregulatory response, leading to a pressure-passive circulation whereby cerebral blood flow is reduced in response to even mild systemic hypotension. 32 Some support for this hypothesis can be derived from the finding that many infants born preterm show a temporal association between changes in mean arterial pressure and intravascular cerebral oxygenation, consistent with reduced autoregulation. 33 Further, systemic hypotension after preterm birth is associated with neurological deficits in some studies. [34] [35] [36] By contrast, many studies in infants born preterm have not found an association between hypotension during the early neonatal period and periventricular leukomalacia or CP, as reviewed. 37, 38 Curiously, one study found an association only with one definition of hypotension but not others, and even then, only for infants born preterm who were at 27 weeks' gestation or later with less severe illness. 38 However, this may be because blood pressure is a poor marker of reduced cerebral perfusion/reduced cardiac output. 28 Furthermore, many infants who later developed periventricular leukomalacia had impaired superior vena cava flow despite normal blood pressure. 28 Conversely, treatment of hypotension using volume expansion has been associated with an increased risk of neural injury, disability, and death in infants born preterm. 39 Some have speculated that, in part, systemic hypoperfusion may be a secondary consequence of preceding exposure to hypoxia. 37 The relationship between cerebral hypoperfusion and brain injury is further complicated by exposure to chorioamnionitis. In infants born preterm (≤30wks' gestation), elevated cerebral oxygen extraction within the first 24 hours What this paper adds
• Hypoxia-ischemia, infection/inflammation, and barotrauma/volutrauma all contribute to preterm brain injury.
• Multiple different triggers of preterm brain injury are associated with central nervous system dysmaturation.
• Secondary brain inflammation may be a viable target to improve neurodevelopment after preterm birth.
Review 127 of postnatal life was a sensitive predictor of poor neurological outcome. 40 Subsequent analysis showed the relationship between elevated oxygen extraction and poor outcome was augmented by exposure to intrauterine inflammation. 41 Intriguingly, cerebral hypoperfusion was not observed in these studies. These data raise the possibility that a homeostatic shift towards higher cerebral metabolic demand increases susceptibility to hypoxic-ischemic brain injury after preterm birth.
Clearly, a better understanding of the underlying etiology of hypotension or hypoperfusion is needed to guide therapy. It is striking, for example, that there is still no systematic evidence that treating "low" blood pressure with volume or inotropic agents improves outcome for the majority of infants. 42 
PATTERNS OF BRAIN INJURY AFTER HYPOXIA-ISCHEMIA AND INFLAMMATION
Postmortem case series of infants dying in the early neonatal period show that the most severely affected infants have significant neuronal loss.
6,43 MRI of infants born preterm exposed to severe perinatal hypoxia demonstrate a consistent pattern of acute subcortical damage involving the hippocampus, thalamus, and basal ganglia, and cerebellar infarction combined with diffuse periventricular leukomalacia, but sparing of the cortex. 44 An essentially identical pattern is seen after acute severe asphyxia in pretermequivalent fetal sheep. [45] [46] [47] In contrast, modern cohorts of infants born preterm show diffuse, non-cystic white matter injury and gliosis, without overt neuronal loss. 48 Integral MRI studies show infants born preterm have reduced cortical and subcortical (e.g. striatal and thalamic) volumes, without evidence of gross pathology, compared to controls born at term. 49, 50 The reduced volumes persist into adulthood and are strongly predictive of cognitive deficit. 49 Preterm human post-mortem studies show that reduced cortical and subcortical growth is associated with impaired dendritic arborization, 51 and that diffuse white matter injury involves acute cell death, but rapid regeneration of preoligodendrocytes. However, these newly generated cells fail to differentiate into mature myelinating oligodendrocytes and thus fail to myelinate axons. 52 Oligodendrocytes play an integral role in axonal development and function, 53 raising possibility that mild diffuse loss of white matter reduces the functional integrity of neuronal axons, thereby contributing to impaired neuronal growth, development, and function after preterm birth.
Further, in fetal sheep born preterm, pure hypoperfusion injury is associated with a similar pattern of grey and white matter dysmaturation, as shown by reduced arborization of cortical and striatal neurons without evidence of overt neuronal loss, 54, 55 and acute death of preoligodendrocytes, regenerative proliferation, and later dysmaturation. 56 Reduced neuronal arborization is the major factor underlying impaired maturation of cortical and subcortical neuronal microstructure, as evidenced by a delayed decline in fractional anisotropy. Normal cortical and subcortical maturation is associated with a decline in MRI measurements of fractional anisotropy because of increased morphological complexity of the arbour of cortical and subcortical neurons. Moreover, there was reduced cortical and striatal volumes on high field ex vivo MRI. 54, 55 Similarly, human survivors of preterm birth show a delayed decline in cortical and subcortical fractional anisotropy. 57 A similar pattern of cellular dysmaturation and gliosis has been reported after exposure to proinflammatory cytokines, such as interleukin 1-beta (IL-1b) and tumor necrosis factor alpha (TNF-a), in preterm-equivalent rodents. For example, direct exposure to IL-1b inhibited oligodendrocyte maturation and led to long-lasting deficits in axonal myelination and cognitive deficits without overt cell loss. 58 Furthermore, IL-1b receptor blockade restored oligodendrocyte maturation and myelination after lipopolysaccharide (LPS)-induced injury. 59 In vitro studies show TNF-a inhibits oligodendrocyte maturation 60 and dendritic arborization and that this can be reversed with TNF-a receptor blockades. 61 Collectively, these data demonstrate that the pattern of injury associated with hypoxia-ischemia and perinatal inflammation in pretermequivalent fetal sheep, rodents, and in vitro studies replicates the patterns of grey and white matter injury, and subsequent oligodendrocyte and neuronal dysmaturation in modern post-mortem series and survivors of preterm birth (Fig. 1) .
IMPAIRED CONNECTOMICS IN THE INFANT BORN PRETERM
The prevalence of adverse neurodevelopmental outcomes in the setting of mild, non-cystic white matter injury and impaired neuronal growth suggests that the primary disturbances occur in the way neurons transmit information within and between cortical and subcortical grey matter structures. Indeed, reduced global and regional neural connectivity was reported in chronically hypoxic infants born preterm (exposed to intrauterine growth restriction) and was predictive of poor neurodevelopmental outcome at 2 years of age. 62 Furthermore, reduced neural connectivity was recently reported in fetuses exposed to chorioamnionitis before preterm birth. 63 Children born preterm without overt neonatal white matter injury had altered neural connectivity at 12 years of age compared to term born controls (assessed using diffusion tensor and volumetric MRI). 64 Follow-up to 16 years showed reduced cerebral microstructural integrity, and lower total white and grey matter volumes. 65 Measures of language development and visual processing were closely related to microstructural integrity. 65 MRI-based tractography studies show reduced neural connectivity between the thalamus and cortex in neonates born preterm, and that this is associated with impaired cognition in childhood. 66 Functional evidence shows that early and late preterm births are associated with blunted cortical plasticity in adolescence, as shown by reduced long-term depression-like responses to non-invasive transcranial magnetic brain stimulation, 67 raising the possibility that reduced inter-and/or intraregional connectivity attenuates neuroplastic capacity. Collectively, these data suggest impaired neural connectivity is strongly associated with hypoxia-ischemia and perinatal infection/ inflammation, and is a major contributor to impaired neurodevelopment after preterm birth (Fig. 1) .
INFLAMMATION: A KEY FEATURE AND MEDIATOR OF PRETERM BRAIN INJURY
As previously reviewed, there is extensive evidence from preclinical studies that central nervous system and peripheral immune responses are strongly implicated in the pathogenesis of HIE and infection/inflammation-induced preterm brain injury. 68 Likely downstream mediators of inflammation-induced injury include induction of immune mediators, reactive oxygen and nitrogen species, excitotoxicity, mitochondrial impairment, and reduced vascular integrity. 68 Clinical studies and human post-mortem series show that chronic upregulation of systemic and central nervous system cytokines and gliosis are strongly associated with adverse neurological outcomes. 52, 69, 70 For example, systemic upregulation of TNF-a and IL-1b in infants born preterm are associated with impaired neural function within the first 72 hours of life and cognitive impairment at 2 to 3 years corrected age. 70, 71 Furthermore, in late infants born preterm with mild-severe HIE, a positive relationship between the concentration of downstream proinflammatory cytokines (IL-6 and IL-8) and the severity of HIE was observed within 72 hours of delivery, suggesting an independent effect of HIE on central nervous system cytokine induction. 69 Finally, microglial infiltration, astrogliosis, and upregulation of TNF-a and IL-1b are identified between 24 hours and 2 months after birth in white and grey matter structures in postmortem brain tissue from human infants born preterm with white matter injury. 52, 72, 73 Importantly, microglia and astrocytes secrete proinflammatory cytokines during evolving neural injury. Therefore, these data strongly support a key role for chronic or secondary upregulation of glia and cytokines in the pathogenesis of preterm brain injury (Fig. 1) .
HYPOXIA-ISCHEMIA TRIGGERS SECONDARY INFLAMMATION
The associations between pre-and postnatal inflammatory markers and adverse neurodevelopmental outcome in the Extremely Low Gestational Age Newborns study do not allow us to definitively assign perinatal infection as the principal cause of brain injury. 27 Some of the inflammation will be mediated by prenatal chorioamnionitis and postnatal systemic infections. However, hypoxic-ischemic injury itself consistently triggers an intens inflammatory reaction, with peripheral inflammation and local microglial induction, as recently reviewed. 4, 68 For example, studies in fetal sheep born preterm have reported that hypoxia-ischemia upregulates circulating pro-and anti-inflammatory cytokines and induces chronic microglial infiltration and astrogliosis between 3 days and 21 days after the insult. 45, 74 Furthermore, in infants born preterm and at term, HIE is highly associated with increased central and peripheral cytokine levels. 69, 75, 76 Levels are higher in cerebrospinal fluid than in plasma, consistent with brain injury being the primary trigger. It is highly likely that this secondary inflammation augments damage in the early phase of evolving cell death, as shown by protection with early administration of exogenous anti-inflammatory factors such as erythropoietin, melatonin and human amnion epithelial cells (Fig. 1) . 74, 77, 78 BAROTRAUMA AND VOLUTRAUMA: ANOTHER TRIGGER FOR SECONDARY INFLAMMATION Ventilation alone can induce neural inflammation, and worsen neural outcomes with pre-existing inflammation. Ventilation of infants born preterm is an antecedent of systemic inflammation within the first 2 hours after delivery, 79 which is likely due to barotrauma and/or volutrauma caused by high-tidal volume resuscitation in the delivery room. 80 Landmark studies in lambs born preterm showed that ventilation-induced systemic inflammation, in combination with destabilization of cardiac output and cerebral oxygenation, increased brain inflammation and injury within the first 2 hours after delivery. 81 Magnetic resonance spectroscopy and diffusion tensor imaging revealed higher regional fractional anisotropy, lower radial diffusivity, and higher peak lactate concentrations, indicative of reduced structural integrity in lambs born preterm exposed to high-tidal volume resuscitation. 82 Histologically, cerebral inflammation and injury is evident within the first 2 hours of ventilation, with increased microgliosis, astrogliosis, oxidative stress, apoptosis, and blood brain barrier permeability. 83 Infants born from mothers who have pre-eclampsia, and thus may have experienced hypoxia-ischemia and inflammation, develop significant postnatal inflammation during ventilation, illustrating the complex interactions between these factors. 84 
SYNERGY WITH OTHER INSULTS: SENSITIZATION
In rodents, antenatal exposure to mild infection/inflammation can sensitize the brain, so that subsequent exposure to short or milder periods of hypoxia-ischemia that do not normally injure the developing brain can trigger severe damage. 85 However, the effect is complex and time-dependent. For example, an elegant study by Eklind et al. reported that acute gram-negative LPS exposure 6 hours before 20 minutes of hypoxia-ischemia increased the severity of neural injury. 85 Average tissue volume loss reported in the vehicle plus hypoxia-ischemia group was less than 10mm 3 compared to approximately 100mm 3 in the LPS plus hypoxia-ischemia group. Injury scores were greatest in the cortex and basal ganglia. The increased severity of neural injury was associated with upregulation of central nervous system pro-apoptotic genes and inflammatory cytokines. Additionally, one may speculate that an inflammation-induced increase in cerebral metabolic demand and/or impairment of cardiovascular function may have augmented neural injury. 85 Furthermore, recent data suggest that prenatal exposure to inflammation (48h before delivery) exacerbates ventilationinduced brain inflammation and injury in lambs born preterm, as shown by increased white matter cytokine infiltration, microglial infiltration, and astrocytosis. 86 Thus, it is highly plausible that multiple insults lead to inflammationinduced impairments in perinatal brain development.
SYNERGY WITH OTHER INSULTS: TOLERANCE
It is important to appreciate that exposure to one insult can also induce protection (tolerance) to a second insult. For example, in preterm fetal sheep the combination of acute-on-chronic LPS with subsequent asphyxia reduced neuroinflammation and white matter injury compared with either intervention alone. 87 Repeated low-dose LPS finishing 24 hours before cerebral ischemia in preterm fetal sheep was associated with reduced white matter apoptosis and astrogliosis. 88 Protection was closely related to central and peripheral induction of interferon b, suggesting that this may be an important mediator of endogenous neuroprotection in the developing brain. Similarly, LPS administered 24 hours before hypoxia-ischemia in pretermequivalent neonatal rats was associated with reduced injury in the cortex, hippocampus, and striatum. 85 Although it is difficult to disentangle the rather variable timing of clinical insults, there is human evidence that urinary tract infections in pregnancy may be associated with improved neurodevelopmental outcomes after preterm birth. 89 
THE WAY FORWARD
To improve our understanding of the cellular and pathophysiological mechanisms that underlie the complex clinical and epidemiological evidence discussed here, it is essential that researchers focused on perinatal neuroprotection undertake methodologically sound preclinical studies using translational paradigms of preterm brain injury. As previously reviewed, 90 in order to improve preclinical research translation, we must accept and correct current methodological limitations. These include, but are not limited to, inadequate monitoring and maintenance of body temperature, unpragmatic treatment regimes, and failure to report or test the sex of individuals and assess long-term functional and histological outcomes. Furthermore, while there are some developmental differences between humans and the small and large animals used in preclinical research, we must not lose sight of the 'big picture'. The focus must be on continuously improving preclinical models of disease towards studying the cellular and pathophysiological processes that underline modern patterns of preterm brain injury that we seek to prevent.
CONCLUSION
The most striking concept to emerge from recent clinical and experimental studies of the very immature brain is that early white matter injury is associated with a reduction in cortical and subcortical complexity and volume, and in turn with neurodevelopmental impairment. Grey matter damage involves loss of connectivity, rather than cell death, and is a major factor in long-term disability. The cause of preterm brain injury is undoubtedly multifactorial, and involves complex interactions between both hypoxia-ischemia and infection/inflammation, leading to a final common pathway of chronic inflammation and gliosis that promotes cellular dysmaturation. Thus, we propose that secondary or chronic inflammation may be a viable therapeutic target for delayed interventions to improve neurodevelopmental outcomes after preterm birth. Focused, methodologically sound preclinical studies in combination with clinical and epidemiological studies are essential to dissect the relative contributions of these insults and find ways to prevent impaired neural development or stimulate normal development for the at risk infant born preterm.
